INTRODUCTION
Marine fishes and mammals characteristically contain high amounts of n-3 highly unsaturated fatty acids HUFAs , such as eicosapentaenoic acid EPA; 20:5n-3 and docosahexaenoic acid DHA; 22:6n-3 1 3 . These fatty acids mainly exist in triacylglycerol TAG and phospholipids PL . These fatty acids are essential fatty acids and must be obtained from food because marine fishes and mammals cannot synthesize these fatty acids in their body. These fatty acids are indispensable fatty acids to the maintenance of homeostasis. For example, EPA is one of the initial substrates for eicosanoid and resolvin synthesis 4, 5 .
EPA mainly binds at the sn-2 position of PL, consisting of the same as the TAG synthesis pathway, except for the last reaction step. To be brief, the sn-glycerol-3-phosphate formed from glycerol is esterified with fatty acids acylCoA at the sn-1 position by sn-glycerol-3-phosphate acyltransferase EC 2.3.1.51 . It is known that this acyltransferase favors saturated fatty acids SFAs as the reaction substrate 8 . After the reaction, the 1-acyl-sn-glycerol-3-phosphate is further esterified with fatty acids at the sn-2 position by 1-acyl-sn-glycerol-3-phosphate acyltransferase EC 2.3.1.51 . In contrast, this acyltransferase favors polyunsaturated fatty acids PUFAs as the reaction substrate 8 . The resultant 1,2-diacyl-sn-glycerol-3-phosphate, namely phosphatidate, is a precursor not only for TAG, but also for PLs, such as phosphatidylcholine and phosphatidylethanol. Because of the characteristics of these acyltransferases, PLs mainly possess saturated fatty acids at the sn-1 position and PUFAs at the sn-2 position. In fact, the fatty acid species bound at the sn-2 position is furtherly modified by Lands cycle 9 . Namely, the fatty acids bound at the sn-2 position of PL are hydrolyzed by PLA 2 to form lyso-PL. Enzymes to esterify the lyso-PL with fatty acids exist in animals and the enzymes are called lysophospholipid acyltransferases 10, 11 . These enzymes generally favor PUFAs as reaction substrates; therefore, PUFA or HUFA is further concentrated at the sn-2 position of PL by this pathway. As indicated above, the animal body purposely binds PUFA or HUFA at the sn-2 position of PL to use them as a starting substrate for prostaglandin, leukotriene, resolvin, and protectin synthesis. The phosphatidate is converted to 1,2-diacyl-sn-glycerol 1,2-DAG by phosphatidate phosphohydrolase EC 3.1.3.4 and 1,2-diacyl-sn-glycerol is esterified with fatty acids acyl-CoA by diacylglycerol acyltransferase EC 2.3.1.20 to form TAG. Almost all the TAG accumulated in organs and tissues is thought to be biosynthesized by this glycerol-3-phosphate pathway 8 . It is known that TAG in marine fishes primarily binds HUFAs at the sn-2 position 1 3 . This is expected because the biosynthesis pathway of TAG and PL is almost the same. In contrast, TAG in marine mammals primarily binds HUFAs at the sn-1 and/or -3 positions, and SFAs at the sn-2 position 1 3 .
This is unexpected because PL in marine mammals might only have a small amount of PUFA or HUFA located at the sn-2 position and the location affects the synthesis of prostaglandin, leukotriene, resolvin, and protectin if Lands cycle does not work in marine mammals. There was a report concerning the distribution of fatty acid species in the PL of lungs of marine mammals 12 . The role of PL in the lung is special, namely that of a pulmonary surfactant, and the distribution of fatty acids primarily consists of SFAs and monounsaturated fatty acids. Therefore, the distribution was not informative regarding the prediction of the existence of Lands cycle in marine mammals. Except for this report, there is no information concerning the distribution of fatty acid species at the sn-2 position of PL in marine mammals. As mentioned above, the HUFA binding at the sn-2 position of PL becomes a resource for prostaglandin, leukotriene, resolvin, and protectin synthesis. However, HUFAs in TAG are mainly located at the sn-1 and/or -3 positions in marine mammals. It is indispensable that a HUFA exists at the sn-2 position of PL to maintain homeostasis of marine mammals. Consequently, the distributions of fatty acid species in TAG and PL in the meat of marine fishes and mammals were compared to determine the existence of Lands cycle in both marine organisms in this study.
MATERIAL AND METHODS

Materials
Chloroform, ethyl acetate, n-hexane, and methanol were purchased from Kokusan Chemical Co., Ltd. Tokyo, Japan . Other reagents were bought from Wako Pure Chemical Industries, Ltd. Osaka, Japan . Ribbon seal muscle was obtained from the Okhotsk Tokkari Center Hokkaido, Japan and was collected during dissection of a dead seal. Other sample meats used in this study were obtained at a fish market, seafood shop, and meat shop in Japan. The details of samples are indicated in Table 1 .
Extraction of lipid from sample
A sample lipid was extracted from sample meats using the Bligh and Dyer procedure 13 . The TAG and PL fraction were separated from the extracted lipid by flash column chromatography packed with silica gel Wako Sil ® C-300, Wako Pure Chemical Industries, Ltd. . The TAG fraction was eluted with an n-hexane and ethyl acetate mixture 9:1, v/v . Next, other fractions, except for that of PL, were eluted with ethyl acetate. Finally, the PL fraction was eluted with methanol. The organic solvent in the obtained TAG and PL fractions was evaporated using a rotary evaporator.
Analysis of fatty acid composition
The fatty acid composition of the separated TAG or PL was analyzed by gas chromatography GC . Methyl esterification of the separated TAG or PL was performed using the following procedure. Approximately 10 mg of the sample and 1 mL of 0.5 M sodium hydroxide methanol solution NaOH-MeOH were placed in a 10-mL screw-capped tube and mixed. The tube was heated to 100 for 30 s and cooled to room temperature. Two milliliters of 14 boron trifluoride methanol solution BF 3 -MeOH was added to the cooled mixture and heated again at 100 for 20 s. The heated tube was cooled to 40 under air and 1 mL n-hexane was added to the solution. Saturated sodium chloride solution 3 mL was added to the mixture and mixed vigorously. The tube was left to stand for a few minutes to allow the n-hexane and water layers to separate. The hexane layer was subjected to a gas chromatography-flame ionization detector system GC14B, Shimadzu Corporation, Kyoto, Japan equipped with a capillary column Omegawax 320, 30 m length, 0.32 mm internal diameter, 0.25 μm film thickness, Sigma-Aldrich Japan, Tokyo, Japan and a Chromatopac integrator C-R6A, Shimadzu Corporation . The temperature of the injection port and detector was 250 and 260 , respectively. The initial column temperature was 160 and the temperature was maintained for 10 min and then increased to 240 at the rate of 2 /min. Finally, the column temperature was maintained at 240 for 5 min. Helium was used as the carrier gas at a flow rate of 2.5 mL/ min. The split ratio was 50:1. The fatty acid species was identified using the retention time of a fatty acid methyl ester standard solution Supelco 37 Component FAME Mix, Sigma-Aldrich Japan .
Analysis of positional distributions of fatty acids in
TAG Hydrolysis of fatty acids binding at the sn-1 or sn-3 position in the separated TAG was conducted using immobilized lipase CHIRAZYME L-2 C4, Roche Diagnostics K. K., Tokyo, Japan 14 . Ten milligrams of the separated TAG were mixed with 1 g of 99.5 ethanol and 0.066 g of CHI-RAZYME L-2 C4 in a 10-mL screw-capped tube. The mixture was stirred with a magnetic stirrer at 3 h for 30 . The reaction mixture was charged to a solid phase extraction column Sep-Pak ® Silica Classic Cartridge, Waters Corporation, Milford, MI and eluted with n-hexane and diethyl sn-1,3 , TAG , and sn-2 are fatty acid composition at the sn-1,3 position, fatty acid composition in TAG, and fatty acid composition at sn-2, respectively.
Analysis of positional distributions of fatty acids in PL
Hydrolysis of fatty acids binding at the sn-2 position in the separated PL was conducted using swine pancreas-derived PLA 2 Sigma-Aldrich Japan . Reaction conditions employed in this study were modified with the reaction conditions typically used for the analysis of fatty acid composition at sn-1 and 2 of PL 15 . Sixty milligrams of the separated PL were mixed with 2 mL of chloroform, pH 8.0, 0.5 mM Tris-HCl buffer dissolving CaCl 2 , and 20 U of PLA 2 in a 10-mL screw-capped tube. The tube was immersed in a water bath set at 37 and shaken for 20 h. The reaction mixture was charged to a flash column packed with silica gel Wako Sil C-300, Wako Pure Chemical Industries, Ltd. and eluted with a mixture of n-hexane and ethyl acetate 6:4, v/v to fractionate free fatty acid. The fatty acid composition of fractionated free fatty acid and PL was analyzed using the same procedure described in section 2.3. The fatty acid composition at the sn-1 position of PL was calculated using equation 3 Eq. 3 . Furthermore, the abundance ratio of respective fatty acid at the sn-2 position in PL was calculated using equation 4 Eq. 4 .
Abundance ratio at sn-2 in PL sn-2 / 2 PL Eq. 4 where sn-1 , PL , and sn-2 are fatty acid composition at the sn-1 position, fatty acid composition in PL, and fatty acid composition at the sn-2, respectively. Table 2 . Furthermore, the same results for marine mammals are summarized in Table 3 . The values for sn-1,3 position of TAG and sn-1 position of PL were calculated and some were lower than 0. Some fatty acids were not detected in total fatty acid composition and were denoted as Not Detected. In these cases, the value of the sn-1,3 position was 0.
RESULTS
Distribution of fatty acids at respective binding positions
Comparison of the abundance ratio for fatty acids at
the sn-2 position between TAG and PL The abundance ratios for respective fatty acids at the sn-2 position sn-2 ratio in TAG and PL were compared using their ratio, namely abundance ratio at the sn-2 position of TAG / abundance ratio at sn-2 position of PL ratio of sn-2 TAG/PL , and these are summarized in Tables 4  and 5 , respectively. Incidentally, when the calculated value was more than 1.00, it was considered 1.00 for the abundance ratio at the sn-2 position of PL. The sn-2 ratio of HUFA, such as 20:4n-6 and 20:5n-3, the source of eicosanoid, in TAG of marine fishes and squid was between 0.15 and 0.64. Conversely, that of marine mammals was between 0.09 and 0.28. The sn-2 ratio of HUFAs, such as 22:5n-3 and 22:6n-3, in TAG of marine fishes and squid was between 0.43 and 0.96. In contrast, that of marine mammals was between 0.06 and 0.16. There was a tendency for the sn-2 ratio in TAG of marine fishes and squid to be higher than that of marine mammals. The sn-2 ratio of 20:4n-6 and 20:5n-3 in PL of marine fishes and squid was between 0.69 and 1.00, whereas that of marine mammals was between 0.46 and 0.71. The sn-2 ratio of HUFAs, such as 22:5n-3 and 22:6n-3, in PL of marine fishes and squid was between 0.42 and 0.70. That of marine mammals was between 0.30 and 0.56. Strong tendencies, such as that of the sn-2 ratio in TAG, were not observed in PL. An opposite tendency was observed for 16:1 in TAG. Namely, the sn-2 ratio in TAG of marine fishes and squid was between 0.19 and 0.69, whereas that of marine mammals was between 0.69 and 0.78. However, the sn-2 ratio of 16:1 in PL was almost the same between marine fishes and mammals. The ratios of sn-2 TAG/PL are also shown in Tables 4 and 5. Assuming the fatty acids binding at respective binding positions of TAG and PL do not move to other binding positions in the Kennedy pathway, the ratio of Fatty Acid X at the sn-1 and -2 positions of PL and sn-1 and -2 positions of TAG must be the same because formed 1,2-diacyl-sn-glycerol-3-phosphate, namely phosphatidate, in the Kennedy pathway is a precursor of both PL and TAG. In the case where Fatty Acid X is not bound at the sn-3 position of TAG by diacylglycerol acyltransferase, the sn-2 ratio of Fatty Acid X in PL and TAG becomes thesition of TAG by diacylglycerol acyltransferase, the sn-2 ratio of Fatty Acid X in TAG is lower than that of PL. Therefore, the ratios of sn-2 TAG/PL is less than 1.00. Considering these cases, the ratios of sn-2 TAG/PL never were greater than 1.00 if the fatty acids binding at the respective binding positions of TAG and PL did not move to other binding positions in the Kennedy pathway. However, all the ratios of sn-2 TAG/PL for 16:0 were greater than 1.00. The same tendency was found for 14:0 and 18:0. In contrast, almost all the ratios for 18:1n-9, 20:4n-6, and 20:5n-3 were less than 1.00. Interestingly, the ratios for 22:5n-3 and 22:6n-3 were less than 0.35 in marine mammals; however, they were more than 0.80 0.80-1.93 in marine fishes and squid Tables 4 and 5 .
DISCUSSION
The existence of an n-3 or n-6 type essential fatty acid at the sn-2 position of PL is extremely important to maintain homeostasis of an organism. As indicated in Tables 2 and 3 , HUFAs, such as 20:4n-6, 20:5n-3, and 22:6n-3, are concentrated at the sn-2 position of PL in both marine fishes and mammals. However, that these fatty acids mainly locate at the sn-1,3 position of TAG in marine mammals was revealed in this study and the obtained results were the same as those of a previous report. We previously analyzed the abundance ratio among TAG isomers, such as 1,2-dipalmitoyl-3-docosahexaenoyl-sn-glycerol sn-PPD , 1,3-dipalmitoyl-2-docosahexaenoyl-sn-glycerol PDP , and 2,3-dipalmitoyl-1-docosahexaenoyl-sn-glycerol sn-DPP and 1,2-dipalmitoyl-3-eicosapentaenoyl-sn-glycerol sn-PPE , 1,3-dipalmitoyl-2-eicosapentaenoyl-sn-glycerol PEP , and, 2,3-dipalmitoyl-1-eicosapentaenoyl-sn-glycerol sn-EPP in marine mammals 16 . We reported that the abundance ratio of PDP and PEP were null, and DHA 22:6n-3 and EPA 20:5n-3 were mainly located at the sn-3 position of TAG in marine mammals. The previous reports, which analyzed the distribution of HUFAs at the sn-1, -2, and -3 positions of TAG, also support this result 3, 16, 17 . This could be caused by the reaction preference of substrates for diacylglycerol acyltransferase. The distributions of fatty acid species at the sn-3 position of TAG in many kinds of mammals, fishes, birds, and plants were reported 16, 18 26 . However, HUFAs
were not characteristically condensed at the sn-3 position of TAG in those organisms, except for marine mammals and polar bears 18 . The marine mammals analyzed in this study mainly live in cold places. To bind HUFAs at the sn-3 position of TAG might be meaningful for mammals that live in cold climates. In contrast, 1-acyl-sn-glycerol-3-phosphate acyltransferase in marine mammals does not have a strong affinity for HUFAs because the sn-2 ratio of 20:4n-6 and 20:5n-3 in TAG of marine mammals was between 0.09 and 0.28. Furthermore, the sn-2 ratio of 22:5n-3 and Table 5 Sn-2 ratio of representative fatty acids for TAG and PL and ratio of sn -2 TAG/PL in marine mammals.
22:6n-3 in TAG of marine mammals was between 0.06 and 0.16. Despite that, the sn-2 ratios of HUFAs in PL were almost the same between marine fishes and mammals Tables 2 and 3 . Both fatty acids binding at the sn-2 positions of PL and TAG were esterified with 1-acyl-sn-glycerol-3-phosphate acyltransferase in the Kennedy pathway. It is likely that the Lands cycle exists in marine mammals to change fatty acid species binding at the sn-2 position of PL from SFA to HUFA. The Lands cycle could also exist in marine fishes and squid because the ratios of sn-2 TAG/ PL for 16:0 were greater than 1.00. This could have resulted because 16:0 that was originally bound at the sn-2 position of PL changed to another type of fatty acid, such as HUFA, and the sn-2 ratio of 16:0 in PL became lower than that in TAG. In contrast, the ratios of sn-2 TAG/PL for 20:4n-6 and 20:5n-3, resources for eicosanoid, were fairly low. This could be ascribed to SFAs that were originally bound at the sn-2 position of PL changing to 20:4n-6 and 20:5n-3 by remodeling 10, 11 . Interestingly, the ratios of sn-2 TAG/PL for 22:5n-3 and 22:6n-3 in marine mammals were less than 0.35; however, those in fishes and squid were more than 0.80 Tables 4 and 5 . This result suggests that the polyunsaturated fatty acids consisted of 22 carbon atoms and had different roles between marine fishes and mammals.
CONCLUSION
The present study showed that 20:4n-6, 20:5n-3, 22:5n-3, and 22:6n-3 were mainly located at the sn-1,3 positions of TAG in marine mammals. According to the previous reports, the binding position was thought to be the sn-3 position of TAG. It is possible that these HUFAs exist at sn-3 positions of TAG in marine mammals to allow for life in cold climates. Furthermore, comparison on the binding positions of HUFA and 16:0 in PL and TAG suggests the existence of the Lands cycle in marine fishes and mammals. Both marine fishes and mammals could condense HUFA as a source of eicosanoid at the sn-2 position of PL. This result means that marine mammals can produce eicosanoid and maintain homeostasis without difficulty. Furthermore, the ratios of sn-2 TAG/PL for 22:5n-3 and 22:6n-3 were fairly different between marine fishes and mammals. This result suggests that the HUFA consisted of 22 carbon atoms and had different roles in marine fishes and mammals. However, further research is needed to verify this point.
